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Energy-Absorbing Keel Beams

for General Aviation Type Aircraft

Sotiris Kellas

And

Norman F. Knight, Jr.

Veridian Systems Division

Abstract

A lightweight energy-absorbing keel-beam concept was developed and retrofitted in a general

aviation type aircraft to improve crashworthiness performance. The energy-absorbing beam

consisted of a foam-filled cellular structure with glass fiber and hybrid glass/kevlar cell walls.

Design, analysis, fabrication and testing of the keel beams prior to installation and subsequent full-

scale crash testing of the aircraft are described. Factors such as material and fabrication

constraints, damage tolerance, crush stress/strain response, seat-rail loading, and post crush

integrity, which influenced the course of the design process are also presented. A theory similar to
the one often used for ductile metal box structures was employed with appropriate modifications

to estimate the sustained crush loads for the beams. This, analytical tool, coupled with dynamic

finite element simulation using MSC.Dytran were the prime design and analysis tools. The

validity of the theory as a reliable design tool was examined against test data from static crush

tests of beam sections while the overall performance of the energy-absorbing subfloor was

assessed through dynamic testing of 24" long subfloor assemblies.

Introduction

This report describes a small portion of the research in support of a multiyear NASA Langley led

program in aviation safety and crashworthiness. One aspect of the research involves a

demonstration of possible crashworthiness enhancements to existing aircraft by replacing their

original subfloor with Energy Absorbing (EA) counterpart. Such a demonstration was

accomplished by crash testing two similar GA (general aviation) aircraft. Occupant-load

attenuation, due to the subfloor replacement, was estimated by comparing the two data sets, one

from the original Iand one from the retrofitted aircraft. Since it is not the objective of this report to

present the crash data correlation from the two full-scale tests, the performance of the EA

subfloor, used in the second aircraft, is presented through static crush test results from beam

sections and two dynamic test results from assembled subfloor sections. The subfloor assemblages

were fitted with a representative occupant plus seat mass and impacted on a flat rigid surface at

approximately 31 fps, the same vertical sink speed for the two aircraft tests. Design and analysis

efforts, which led to the development of the EA beam, are also presented.



Unlike crashworthyfeatureswhich arean integratedpart of a given design,a retrofit conceptis
particularlychallengingandoften limited in performancedueto variousfactorssuchasundesired
and/or unknown dynamic responseof existing structure, geometric incompatibility, and
installation constraints. In addition to the difficulties presentedby the retrofit nature of the
subfloor, the new keel beamshadto be cost efficient, meet the flight load requirementsof the
original subftoor,andoffer improvedenergyabsorptionin theeventof a crashwhile maintaining
adequatepost-crashintegrity. To meet theseelaboratedesignrequirements,a compositefoam-
filled cellular structurewaschosen.Theenergy-absorbingbeamevolvedfrom preliminary work
describedin references2 and3 andcoveredunderaUS patent4.Theconceptconsistsof an intine
assemblageof rectangularcrosssectioncells, which form thecellular coreof a sandwichbeam
with the cell axis orientedalong the load direction. The main difference betweenthe beams
describedin reference3 andthe onedescribedhereinis theglassreinforcement,whichconsisted
of braided sleeving insteadof woven fabric. The braided sleeving was mainly introduced to
eliminatethe painstakingprocessof wrappingeachfoam-corewith fabric. The PVC foam core
wasalsoreplacedbybetterqualitypolymethacrylimidefoam.

Theenergy-absorptionpropertiesof a cellular structurearegenerallydependenton the cell size,
thecell-wall mechanicalproperties,thecell-wall thickness,andthenumberof flangesor websthat
meetat ajunction.Thegreaterthenumberof flangesor websajunctionconsistsof, thegreaterthe
crushstrengthusually is, due to the improvedstability. Progressivecrush responseof thin-wall
metalbox sectionsandintersectionshavebeenstudiedby anumberof researcherswith the most
notablework performedby Wierzbicki, Abramowicz,Jonesand Hayduk, and documentedin
numerouspublications59.Theseinvolved the mathematicaldescriptionof theprocessof energy
dissipationat web intersectionsresulting from empirical observationsof the folding mechanisms
andtheir influenceon the meancrushingload.According to theseresearchersfor mostpractical
problemsthatinvolveprogressivefolding, withouttearing,theenergydissipationcanbeclassified
in two categories: extensional and isometric (inextensional). In the isometric mode, the
deformationis often confined to narrow zones,called fold lines5.Becausethe total deformation
areais smallrelativeto theentire structure,this modeof energydissipationis not asefficient as
theextensionalmode.The modethat prevailsin a practicalsituationdependson the numberof
flangesper intersection,and the relative thicknessto width of the flanges.Typically, the more

stable an intersection is the more likely it is that the extensional mode will prevail but in most

cases a mixed mode takes place 5.

While composite structures as compared to metals are much harder to analyze, composites offer

unique and unsurpassed advantages in fabrication and customizable structural response. The

flexibility of a concept to meet the changing needs of a given project is particularly important and

in many cases it is necessary.

For the sizing of a composite cellular structure using the conventional metal's approach, a

question arises concerning the applicability of a plastic deformation theory to a fiber reinforced

material that exhibits no true plastic deformation and which dissipates energy through many

distinctly different local modes of damage initiation and propagation. It is believed that for thin

laminated composite cell-walls where plastic-like folding is a likely mode of deformation, and

hence energy dissipation, the theory for plastic metals can be applied with caution for as long as an

apparent "flow" stress value for the material can be established. Typical examples of fiber

reinforced laminates which deform quasi-plastically include angle plies, and to a lesser degree,



quasi-isotropictypelaminatescontaininghigh strainto failure fibersandmatrix materials.Sincea
combination of mechanicalproperties is usually needed,hybridization is often explored3 to
achieveamongother propertiesthe quasi-plasticdeformationresponse.Typical reinforcement
hybridizationincludesglassandkevlaror graphiteandkevlarwhereglassandcarbonareusedfor
strengthandkevlarfor post-crashintegrityandcontainment3.

Anotherdesignchallengeuniqueto theEA keelbeamisthedeterminationof theactualcrushload
requirement,whichdependsnotonly on theeffectivecombinedmassof theseatplusoccupantbut
alsoon theway theseat-railinteractswith thebeamthatit isattachedto.Knowing apriori theway
thedynamic loadis transmittedto thebeamis asessentialastheknowledgeof theeffective mass
to bedecelerated.Seat-raildeformationand load transmissionfrom the seatlegs to theenergy-
absorbingbeamswerestudiedusingMSC.Dytran1°,anexplicit nonlineartransientdynamicsfinite
elementcomputercode. Theaccuracyof thetheoreticalandfinite elementsimulationresultswas
examinedagainstdatafrom staticanddynamictests.

Cellular Beam Fabrication

The main fabrication steps for the EA beams and/or subfloor are described in figure I and consist

of:

1. Dry glass-reinforcement placement over foam blocks (see figure l a). Braided glass fiber

sleeve was pulled over the closed cell foam cores, worked tied and secured at either end. The

reinforcement was E-glass biaxial braided sleeve, 3.0" internal diameter, 10 oz/yd 2,

approximately 0.013" thick. Note that while the nominal fiber orientation of the glass sleeving
is _+45° and often referred to as such, the actual fiber orientation depended on the foam block

cross-section dimensions. For example, the 4.0" by 1.25" cell had the glass fibers oriented at

approximately +52 ° to the loading direction. The foam-core was 2.3 lb/ft 3

polymethacrylimide (PMI) foam (Rohacell ® 31 IG).



Low density/rigidfoamblock

Glass fiber reinforcedsleeve- glassbraid

(a) Glassfiber applied over foam blocks

Foam-filed/glass-fiberreinforcedcell

Containmentskin (kevlarfabric)

(b) Fiber reinforced foam blocks areassembled
to form apanelor a beam

(c) Beam is infiltrated with resin, cured
and cut to size

Foam Stanchion --_

............EA Beam

(d) Beams are assembled in to a subfloor

Fig. 1 - Schematic representation of the main steps used in the fabrication of the EA beams and
subfloor.

2. Inline assembly of the fiber-reinforced blocks and integration using kevlar fabric face-sheets

(see figure lb). The face sheets were temporarily secured using a tack adhesive spray. The

fiber type was kevlar-49, 5-harness satin weave, 5 oz/yd 2, approximately 0.011" thick. For

optimum post crush integrity and containment the preferred kevlar fiber orientation is usually

at +45 ° to the loading axis, however for the retrofit aircraft beams the kevlar fibers were

oriented at (0°/90 ° ) due to fabrication constraints associated with the large size of the beams

and material availability.

3. Resin infusion of the assembled beam (or panel) under vacuum and subsequent curing (see

figure l c). A multi-port infusion technique in conjunction with a low viscosity epoxy resin

(180 °F cure) was used to ensure timely and uniform impregnation. For the retrofit aircraft



.

beams, a single panel was fabricated (112" by 32" with density of 7.88 lb/ft 3) from which four

beams were cut. Each aircraft beam had the foam core partially removed, the bottom edge

machined to match the aircraft's curvature, and the top edge fitted with a seat-rail as shown in

figure 2. Detail of the seat-rail attachment is shown in figure 3.

Matched beam pairs were assembled into left and right subfloors as shown in figure 2. A series

of foam stanchions was used to space and stabilize each pair of beams as shown in figures 1(d)

and 2.

Rohacell ® 31 IG stanchions, (1.5" thick) replaced the original graphite reinforced stanchions in

the aircraft and acted both as stabilizing supports for the beams as well as main supports for the

floor. The main difference between the new and original floor systems was in the floor attachment.

In the original system the floor panels were attached to the graphite stanchions as well as the seat-

rail. In the new system it was judged necessary to decouple the floor from the beams to allow for

an independent and predictable mode of crushing.

While the "T" cross section of the original seat-rail was preserved, a new aluminum alloy was

introduced to promote local deformation instead of fracture. The original seat-rail (aluminum 7075

- T6) was replaced with (2024 - T351). The web of the "T" cross section served as the main

attachment point to the beam as shown in figure 3. Furthermore, in order to ensure that the

beam/seat-rail coupling survives the crash event, kevlar tape was used for extra security. Slots

measuring 0.1" wide by 2.0" long were machined into the seat-rail web at an interval of

approximately four inches. Wooden-dowel pins (1/16" in diameter and 2" long) were used to

secure the resin-impregnated kevlar tape onto the rail, as shown in figure 3, before it was inserted

into the beam's slot.



Fig. 2 - Photograph of the exposed subfloor showing the EA keel beams and foam stanchions as

installed in the general aviation airplane.

Wooden Dowel

Seat Rail Kevlar

k

¸

Fig. 3 - Schematic of the "T" cross-section seat-rail coupled to the EA beam using kevlar tape.



Cellular Beam Theory

The cellular beam concept was chosen in part for its customizable features such as adjustable

Sustained Crush Load (SCL), and post crash integrity, but also for the options in fabrication

techniques and material combinations which resulted in cost efficiency. Sizing of the cellular

structure was accomplished with the aid of a theory 5-9, originally developed to describe the crush

response of plastically deformed thin metal box structures and/or intersecting flange elements such

as angles and cruciforms. The theory was modified appropriately to account for the foam core and

laminated construction of the composite cellular beam. The main challenge in the application of

the theory was found to be the selection and measurement of the appropriate input parameters,

which for the laminated composite walls was not as straightforward as in ductile metals.

In addition to the usual assumptions that are required for the formulation of the theoretical

solution 59, the following assumptions were also employed here for the theoretical prediction of the

SCL.

1. The composite cell-walls of the EA beam deform quasi-plastically in bending. For the (+45 °)

glass and (+450)/(00/90 °) glass/kevlar hybrid laminates, the flow stress used in the analysis is
taken as 80% and 70% of the measured laminate tensile ultimate-strength, respectively.

2. Composite cell-walls are treated as quasi-isotropic.

3. Ply delamination does not dissipate a significant amount of energy compared to other modes

and therefore it is neglected.
4. A nominal value for the laminate thickness is used based on the combined fabric thickness

plus 0.001 in. per ply to account for the resin.

5. The resistance imposed by the foam core on the folding flanges is uniform throughout the

folding process and foam/skin disbond is neglected.

6. For low-density foam core, the expansion of the foam due to crushing is neglected.

In accordance with the original theoretical procedure 5-9, the cross section of the cellular structure

was divided into its most basic element, the "T", see figure 4. Moreover, the "T" element was

regarded as being composed of three sub-elements, two foam filled angle elements with glass

walls and a flat plate (kevlar). It was assumed that the total energy absorbed during the folding of

the "T" element consists of four distinct contributions:

(l) Energy dissipated at the corner of each constituent angle, through extensional deformation.

The toroidal shell section formed during the deformation process is assumed to have a minor

radius b. The total energy for both angle elements, assuming that the +45" glass layer will locally

delaminate from the kevlar is given by equation 1, with the variables defined in figure 4.

E l =4.64 cg tg b H (1)

(2) Energy dissipated by moving horizontal hinges during flange folding. Accounting for the

different thickness and length of each flange of the "T" element, the total energy is given by

equation 2.

E2 = _ (_3h t_ C2 + 20"g t2 C l) (2)



(3) The total energy dissipated by the inclined hinges for the two angle elements is given by

equation 3. The fact that the composite properties for the inclined hinges are different than those

of the horizontal hinges is neglected through the assumption of quasi-isotropy.

._H 2
E 3 = 2.22 Og t_-_ (3)

(4) Finally, the total energy dissipated due to the foam-core resistance to flange folding plus the

crushing of the foam core (with D being the hole diameter and n the number of holes in the core)

is given by equation 4.

(4)

and

Assuming that the "T" element is folding with a wavelength of 2H under a mean SCL, Pro, the

energy balance for the element is given by equation 5.

Pm = 2_(E I+E2 + E3 + E4) = 2.32Cg tg b

+_H(Oht_C2 +2Ogt2cl)

t 2H H_(2c 2 c+l.llOg g-_+_ + 1)

(5)

With the parameters b and H being dependent on the condition of minimum energy, or load, given

by equation 6.

0P m 0P m
_=-3-ff- =0 (6)

Solution of equations 6 produces equations 7 and 8;

1.1 log t 2
b _ ....

4H2 (°h t_ c2+2Og t2 c I)-+ _ oI{2c2+c 1)

b 2

H = 2.09 ig (8)

The simultaneous solution of equations (5), (7) and (8) produces a value for the mean SCL, Pm,

for a single "T" element from which the mean SCL per unit beam length, P1, can be obtained:

(7)

Note that equation 4 is general and applies in cases where the core is removed totally (foam stress

= 0), or partially (n ¢ 0). Furthermore the superscripts a and t of the foam-core strength of are used

when the axial and transverse foam strengths are different.



2Pm (9)
Pl- c 2

The mean crushing load per unit beam length was used for the preliminary sizing of beams for the

required crush loads and was compared to static test data from actual beam sections, which are
described below.

Foam Core kevlar face-sheet

(flow stress. ¢YI') D "T"

Cl

I
T

Glass
braid

(a) EA Beam cross section

c2

- Glass cell-wall

(flow stress denoted ag)

Glass/kevlar cell-wall

(flow stress denoted oh )

2H

i
I

v

th

2tg

c2/2 -b,
cl/2

(b) "T" Element -- Foam core not shown

Fig. 4 -Schematic of (a) typical energy absorbing beam cross-section and (b) basic"T" element.

In early phases of this work the crush initiation load was calculated using a semi-empirical

technique suggested by Gerard I1 to calculate the crippling strength of multi-corner elements.

However, preliminary testing s indicated that attenuation of crush-load initiation was necessary for

optimum response. Therefore, this type of calculation was made redundant and is not presented

herein.

Experimental Results

Static Tests

EA beam constituent material tests were performed at various stages of the program and used in

the calculation of the sustained crush load using equation 9.

Foam-core samples (2.25" diameter cylinders) were tested to study their energy-absorbing

performance under static and dynamic loading conditions and to obtain a representative flow stress

value. The typical foam-core crush responses of figure 5 highlight both the orthotropic nature of

the material as well as the effect of loading rate. The difference of approximately 33% between the

transverse and axial orientations was found to be independent of the loading rate. An additional

9



25-28% increase in crush strength was measured when the loading speed was increased from 2
in./min, to 13.5 ft/s.
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Fig. 5 - Typical crush response for PMI 31 IG foam core in two mutually perpendicular

orientations and two loading speeds.

Cell-wall strength measurement tests were performed in quasi-static tension. Coupon specimens

were removed either from laminated flat panels or virgin beam sections and tested to determine

the ultimate strength of various cell-wall materials. Typical results from this series of tests are

shown in figure 6 for samples removed from a beam section similar to the one used in the aircraft.

Note that the hybrid cell-walls were not symmetric and therefore the measured ultimate strain may
be somewhat conservative.

10
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Fig. 6 - Typical tensile EA beam cell-wall properties for the beam configuration used in the

aircraft.

Preliminary tests on beam sections were performed quasi-statically, ranging in speeds from 2 to 20

in./min., to determine the mean SCL and to study the mode of collapse and energy dissipation.

The static crush response of a typical EA-beam/seat-rail section is shown in figure 7 and a

photograph of the crushed section in figure 8. The results of figure 7 indicate a desirable crush

performance, with a relatively flat response up to approximately 80% stroke. Crushing of the beam

initiated at approximately 370 lb./in., fell briefly to 200 lb./in, before recovering to a SCL of

approximately 284 lb./in.

Earlier studies 3, have shown that crush initiation, initial load degradation, and SCL depend

primarily on the way the load is introduced in the beam. In cases where a crush-initiation load
attenuator was used, initial load degradation was practically eliminated and the SCL was

enhanced. As shown in figure 8, the 3-cell beam section was loaded through a typical seat leg

support, which could not be centered perfectly due to fixed seat-rail hole spacing.

11
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Fig. 7 - Typical static crush response of a 9" long EA beam sample. Cells were 1.4" by 3.0"

reinforced with one braided glass sleeve. The kevlar containment was at +45 °. Speed of test was
20 in./min.

The effect of the small eccentricity for the relatively short (9.0") beam section was a lower, than

typical, crush initiation but a relatively large subsequent load degradation. This discrepancy was

thought to be due to partial loss of seat-rail contact with the beam face-sheet, as indicated at the

back top right-hand comer of the section. Subsequent to this test, the seat-rails were slotted and

beam/seat-rail coupling was reinforced with kevlar tape as shown in figure 3. An important role

the slots served was to reduce the shear stiffness of the seat-rail and thus promote more localized

deformation under the seat legs. The more localized the rail-deformation could be made, the more

rigid a beam could be designed without exceeding the maximum desired sustained crush load

value. This was thought to be a necessary requirement for a subfloor beam that under normal

operating conditions would be required to endure many years of flight, landing and occupant foot

traffic loading conditions.

12



Fig. 8 Statically crushed sample of a three-cell EA-beam section showing the composite skin,

folding pattern. The specimen consisted of 1.4" wide by 3.0" long solid foam-cells reinforced with

one braided glass sleeve (~ _+45°) and one layer of _+45° kevlar fabric.

Dynamic Tests

Dynamic tests on beam constituent materials were performed on foam core material only. Due to

experimental constraints, the maximum impact velocity was limited to approximately 13.5 ft/s.

Typical dynamic crush responses for the foam core were summarized in figure 5.

Due to anticipated rate effects it was deemed necessary that assembled sections of the subfloor be

assessed experimentally prior to installation in the aircraft. Each test article contained two 24"

long beams (8" tall) spaced 9.25" apart, two seat-rails, three foam stanchions each 1.5" thick,

plywood base, four seat leg attachments (11" apart), and a relatively rigid mass of 141 lb. which
was attached to simulated seat-legs as shown in figure 9. The main difference between the two test

articles was the way the stanchions were attached to the beams. In the first case, the stanchions

were bonded directly to the beam faces whereas in the second case additional glass reinforcement

was used in the comer junctions. Each section was instrumented with two accelerometers and was

guided through a free-fall drop of 15 ft.

13



Fig. 9 - Photograph of assembled subfoor prior to dynamic drop testing. The subfloor consisted of

two 24" long EA beams spaced apart by three foam stanchions. A lead mass was attached to the

seat-rails to simulate the expected mass of a seat plus occupant.

The average acceleration response from a subfloor section test is presented in figure 10 and shows

a SCL of approximately 63 g. The acceleration represents the average of two accelerometer

readings which were filtered using a low-pass digital filter (500 Hz) before being averaged. Two

accelerometers (placed approximately 6" apart) were used instead of one to capture possible off-

axis impact conditions. The 0.6 ms phase shift between the two accelerometer responses

confirmed a near flat impact condition.

14
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Fig. 10 - Acceleration/time response of 24" long subfloor section typical of one used in the

aircraft. Mass decelerated by the EA beams=1411b., velocity at impact = 31 ft/s, beam spacing =

9.25", seat-leg spacing = 11". Data were acquired at 10 kHz and filtered at 500 Hz.

Finite Element Simulation

A dynamic finite element analysis using MSC.Dytran was carried out with the objective of

studying the effect of seat-rail/beam interaction for various seat-leg spacings, seat-leg pad size and

relative seat-leg positioning with respect to the cell interfaces.

The model was constructed to simulate the assembled subfloor section used in the dynamic tests

with the following simplifications and/or assumptions.

1. Owing to symmetry only one beam with one half of the total mass was considered.
2. The transverse constraint effect of the center foam stanchion was neglected.

3. The circular perforations in the foam-core were modeled as square holes.
4. The "T" cross section seat-rail was modeled using shell elements with equivalent mechanical

and plastic bending properties determined from component testing.

5. The slots in the rail and kevlar tape used to improve the seat-rail/beam coupling were

neglected.

6. Composite material properties were treated as isotropic using test data (figure 6) with an

ultimate strain at failure specified.

7. Foam material properties accounted for the elastic, plastic and densification phases (figure 5).

Concentrated masses were specified along the middle of each seat attachment bracket to represent

the combined mass used in the dynamic test and equally distributed to each seat leg (35.3 lb.). All

nodes were given an initial vertical velocity just before impact of 31 fps.

15



The finite element discretization of the cellular beam structure was graded towards the expected

stress concentration region and was fine enough to capture the folding pattern, as shown in figure

lib. A total of 7,200 shell and 8,712 solid elements were used with over 17,000 nodes. The

discretization was also sufficient to capture the sustained crush load adequately for the first 1.5 ms

(within approximately 10% of the measured value). However, once local failures initiate,

substantial refinement in the discretization would be required to track the damage progression.

(a) - Two-point beam/seat-rail test.

(b)

(b) - Two-point beam/seat-rail finite element simulation.

Fig. 11 - Two-point crush test and simulation of EA beam/seat-rail/seat-leg assembly. Cell

dimensions were 4.0" by 1.25" with three 1.0" holes per cell.

Contact is monitored between the base of the EA subfloor beam and the impact surface (master-

slave contact), between the beam outer faces with themselves (single-surface contact), and

between the foam and the seat-rail if the foam cells have holes (master-slave contact). If holes are

present, then additional single-surface contact surfaces need to be defined as the interior surfaces

of each hole. Related modeling information and studies are given in reference 12.

Discussion

Preliminary studies" on composite replacement keel beams included several concepts, some of

which were previously considered for use in composite helicopter subfloors _-_.The concepts

16



consideredfor generalaviationaircraft2-_ included a sine-wave, a sandwich sine-wave, a flat-face

sandwich, and various cellular beams. The foam filled cellular beam concept was chosen because

it offered flexibility in structural tailoring and fabrication to meet most anticipated design

challenges. In particular, the option to manipulate the SCL, by altering the cell geometry and/or

cell-wall properties, without sacrificing shear stability and/or post crush integrity was the most

appealing aspect of the concept. Fabrication, machining, and cost of retrofitting, though

secondary, were also considered in the final choice of the EA beam concept.

An effective crash-energy management design requires knowledge of several pertinent parameters

including available stroke, impact orientation, effective mass of the cushioned object and fragility,

reaction response of supporting structure, etc. When the object to be cushioned is a human

occupant plus seat, the determination of a unique effective mass value is not straightforward. The

difficulty arises not only by the large mass variation in the human population but also by the fact

that internal damping which serves to reduce the effective mass (or total energy to be managed) is

related to the occupant mass and/or age. Moreover, the seat and in particular its cushion is far from

rigid thus contributing further to the combined effective mass uncertainty. Therefore, a design

effort aimed at a single element, such as the subfloor beam, can not be as effective as a crush

energy management system that incorporates every important element (aircraft fuselage, subfloor,

floor, seat-rail, seat, seat cushion, and occupant). As a result an alternative design philosophy was

proposed 3 to help eliminate the above difficulties. In the proposed concept the external EA
subfloor is used to decelerate the entire fuselage mass. Since the total fuselage mass is relatively

insensitive to individual seat/occupant mass variations and/or number of occupants, the concept

offers a simpler energy absorbing engineering challenge.

The retrofit nature of the design, presented in this study, demanded that several compromises be

accommodated in order to achieve crashworthiness improvement by replacing the aircraft keel

beams alone. For example, based on a survivable (no injury) 14 vertical spinal load of 20 g, a

vertical impact speed of 31 fps, and assuming an ideal subfloor crush response (SCL remains

uniform for the duration of the crush), the required crush stroke is approximately 9". Accounting

for the fact that typical crushable energy absorbers use only about 80% of their total original

length 39, the EA beam depth requirement, to ensure occupant survivability, is 11.25". Excluding

the fuselage frames (which reduce the useful crush stroke by the amount of their depth) the

maximum possible beam depth that the aircraft could accommodate was approximately 8"

(inboard beams) and approximately 4" when the fuselage-frame depth was taken into account

(outboard beams). Clearly, due to stroke limitation alone, a 31fps survivable crash could not be

achieved without energy being dissipated by other components of the aircraft structure and/or

seats. Consequently, a dynamic load limit of approximately 60 g was selected as the appropriate

design value for the EA beams with a resulting requirement for beam depth of 3.75" (assuming a

perfect crush response and 80% crush stroke). Bearing in mind that floor accelerations in excess of

150 g, and dummy pelvis accelerations close to 100 g were recorder in the unmodified aircraft _, a

60 g seat-leg acceleration limit for the retrofit aircraft would represent a big improvement.

With the upper dynamic load limit established, an effective mass and beam load distribution had
to be determined to allow for the SCL to be identified. The effective mass calculation was based

on the 50% percentile male dummy-occupant, which was used in the full-scale aircraft tests. Using

an average seat mass of 30 lb. plus the dummy-occupant mass, minus the legs, in conjunction with

a knockdown factor of 0.9 the value of 145+10 lb. was determined. Neglecting seat-rail details,
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initial estimatesfor theSCL requirement,assumingthat eachof the four seat legs would engage

approximately 8" of beam length, resulted in a crush load per unit beam length of 270_+20 lb./in.

For this calculation, the energy dissipated by the seat-rail itself was neglected.

Preliminary EA beam tests and seat-rail attachment studies highlighted the need for the seat-legs

to engage more beam length in order to ensure seat-rail post-crush integrity. In effect, localized

deformation needed for a sturdier beam competed against seat-rail fracture and/or seat retainment.

In addition to suitable material yielding characteristics, the chosen seat-rail had to offer a

convenient mounting feature. Typical off-the-shelf seat-rails are designed for rigidity and therelore

were incompatible with the design objectives of this study. Since the design of a custom seat-rail

was not an objective of this work a standard "T" section rail was chosen with modified material

properties (aluminum 2024 - T351 instead of the standard 7075-T6) with the 0.7" long web being

used for mounting onto the beam. The choice of the more ductile seat-rail was based solely on the

desire for localized plastic deformation and other commonly important factors, such as the forward
strength, were not considered.

When preliminary tests on seat-rail/EA-beam sections indicated the need for more plasticity the

seat-rail was annealed fully to what was thought to be a "0" condition. Even with the seat-rail fully

annealed the minimum EA beam engagement was approximately 10-12" per seat-leg. For such a

beam engagement a more appropriate SCL requirement was found to be in the range of 200_+30

lb./in. This load was used in conjunction with the theory, equation 9, to size the beam, which was

subsequently used in the dynamic subfoor tests. It was assumed that once a plastic hinge is formed

in the seat-rail the SCL would be similar to the theoretical predicted value for as long as no

additional beam material was engaged during the crush. In effect, it was assumed that seat-rail

deformation controlled two parameters: the length of EA beam engaged during crushing, and the
crush initiation load.

A comparison of experimental and theoretical SCL (equation 9) for two beam configurations are

summarized in Table 1 where it is shown that the theoretical predictions are reasonably good but
consistently low, approximately 11%. Underestimation of the SCL can be attributed to several

factors including omitted terms from the total energy formulation such as, for example,

delamination, material property uncertainty (effective yield strength measured from tensile tests),

altered material properties for the inclined plastic hinges, etc. Compared to the complexity of the

crush problem, the relatively simple theory proved to be a very useful design tool, allowing for

beam configuration adjustment to be made readily.
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Table 1:Comparisonbetweentheoretical
FiberAngles Cell Width

(glassbraid)/(kevlar /Length

faces) in./ in.

(_+52o)/(0°/90 °) 1.25 / 4.0

(Three 1.0"

Holes)

(+520)/(00/90 °) 1.25 x 4.0

(Three 1.0"

Holes)

(_+45o)/(+45 °) 1.40 x 3.0
Solid Core

and experimental SCL.

Loading

Speed
ft./s

Exp. SCL
lb/in.

2040.028

3 i .0 222*

Theor. SCL

lb/in.

181

198

0.028 284 250

* Based on average engagement length of 10" per leg.

To the contrary, the finite element simulations provided limited input to the design evolution.

Existing constitutive material models limit simulation of the crush event involving complex

material failures due to inadequate representation of damage initiation and propagation. Sensitivity

of the crush initiation is also dependent on the contact simulation and local seat-rail response.

Parametric studies proved to be ineffective in aiding the design because of the dependence on

measured constitutive response for each component of the cellular beam.

Mold-less fabrication of the beams proved to be a real asset of the chosen concept and allowed for

several different beam configurations to be fabricated readily and tested. Although earlier studies 3

have shown conclusively that for optimum post-crush integrity the kevlar face sheets had to be

oriented at ±45 °, the 00/90 ° fiber orientation for the beams, installed in the aircraft, was based on

material availability at the time of fabrication, and overall keel-beam length (appr. 112").

Conclusions

Energy-absorbing composite keel beams were designed fabricated and retrofitted in a general

aviation type aircraft to improve crashworthiness. Sizing of the beam was achieved with the aid of

a simple theory, which was originally developed to describe the crush response of thin-wall metal

box structures. Even though, the crushing loads were underestimated, by about 11%, the theory

predicted crush strength trends well enough to be a useful design tool.

Finite element simulation of the cellular beam provided limited additional insight. Success of the

simulation required careful definition of material data from the as-fabricated cellular structure and

seat-rail. Prediction of damage propagation for composite cellular structures is not possible with

existing constitutive material models. While simulation of a specific configuration can be done
with some effort, cellular structure design using nonlinear finite element codes remains a

challenge.

Owing to the retrofit nature of the design, several unforeseen obstacles were encounter, the hardest
one was related to the seat-rail interaction with the crushable keel beam. In particular, the

requirement that a standard seat-rail be used that would deform plastically without fracturing, and
remain attached to the beams following the crash was found to be extremely difficult.

19



References

1. Jones L. E. and Carden H. D., "Overview of Structural Behavior and Occupant Responses
From a Crash Test of a Composite Airplane", SAE Technical Paper Series 951168, General,
Corporate and Regional Aviation Meeting and Exposition, Wichita, Kansas, May 3-5, 1995.

2. Carden H. D. and Kellas S., "Composite Energy Absorbing Structure For Aircraft Subfloors,"
Proceedings DoD/NASA/FAA Conference, South Carolina. Nov. 1993.

3. Kellas" S., ,,^,,_,, r,tzxperimental Investigation in to The Energy Absorption Performance of
Composite Beam Webs for Aircraft Subfloor Applications,' National Technical Specialists'
Meeting on Rotorcraft Structures, "Design Challenges and Innovative Solutions," 5gponsored
by the AHS, Oct. 1995.

4. Kellas S. and Carden H. D. "Crash-Energy Absorbing Composite Structure and Method of
Fabrication", US Patent # 5,746,537, May 5, 1998.

5. Hayduk R. J and Wierzbicki T., "Extensional Collapse Modes of Structural Members," NASA
Conference Pub. 2245, Research m Structural and Sohd Mechamcs, 1982.

6. Wierzbicki T., "Crushing Analysis of Metal Honeycombs," Int. J. Impact Engineering, Vol.1,
No.2, pp.157-174, 1983.

7. Wierzbicki T. and Abramowicz W., "On The Crushing Mechanics of Thin-Walled Structures,"
J. of Applied Mechanics, Vol.50, pp.727-734, 1983.

8. Abramowicz W. and Jones N., "Dynamic Progressive Buckling of Circular and Square Tubes,"
Int. J. Impact Engineering, Vol. 4, No. 4, pp. 243-270, 1986.

9. Abramowicz W. and Wierzbicki T., "Axial Crushing of Multicorner Sheet Metal Columns," J.
Applied Mechanics, Vol. 56, pp.113-120, 1989.

10. MSC. Software Corp., MSC.Dytran Version 4.7 Users Manual, Vol. 1 and 2, 1999.

11 .Gerard G., "Handbook of Structural Stability Part IV - Failure of Plates And Composite
Elements," NACA TN 3784, 1957.

12. Knight N. F. Jr., Kellas S., and Pinson L. D., "Predicting the Impact Response of an Energy-
Absorbing Composite Subfloor Beam," AIAA/ASME/ASCE/AHS/ASC 41' Structures,
Structural Dynamics, and Materials Conference, Atlanta GA, April 3-6, 2000.

13. Cronkhite, J.D., Chung Y.T., and Bark L.W., "Crashworthy Composite Structures," Contractor
Report, USAAVSCOM TR-87-D- 10, 1987.

14.Eiband, A. M., "Human Tolerance to Rapidly Applied Accelerations: A Summary of the
Literature," NASA Memorandum 5-19-59E, 1959.

Acknowledgements

This work was performed at IDRF NASA LaRC under GSA contract no. GS-35F-4503G. Ms.

Lisa E. Jones was the contract monitor. Support provided by Dr. Richard L. Boitnott, Nelson L.

Seabolt, George F. Palko III, and Donald L. Smith is gratefully acknowledged.

20



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporling burden for this collection of information is estimated to average 1 hour per response, including lhe time for reviewing instructions, searching existingdata sources,

ga bering and maintainin 9 the data needed and completing and reviewing the colleclion of information Send comments regarding this burden estimate or any other aspecl of this
co,ection olinformation, including suggestions for reducing this burden, to Deparlmenl of Defense, Washinglon Headquarlers Serv ces. Directorate for ]nforma ion Opera ions and

Reports (0704-0188), 1215 Jelferson Davis Highway, Suite 1204, Arlington, VA 22202-4302 Respondents should be aware thai notwilhslanding any olher provision of law, no person

shall be subiecI to any penalty for failing to comply wilh a collection of information if it does not display a currenlty valid OMB control number
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE

12-2002 Contractor Report

4. TITLE AND SUBTITLE

Design, Fabrication, and Testing of Composite Energy-Absorbing Keel

Beams for General Aviation Type Aircraft

6. AUTHOR(S)

Kellas, Sotiris; and Knight, Norman F., Jr.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

NASA Langley Research Center

Hampton, VA 23681-2199

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

Washington, DC 20546-0001

3. DATES COVERED (From - To)

5a. CONTRACT NUMBER

GS-35F-4503G

5b. GRANT NUMBER

5C. PROGRAM ELEMENT NUMBER

5d. PROJECT NUMBER

L-9045

5e. TASK NUMBER

5f. WORK UNIT NUMBER

728-50-10-01

8. PERFORMING ORGANIZATION
REPORT NUMBER

10. SPONSOR/MONITOR'S ACRONYM(S)

NASA

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

NASA/CR-2002-212133

12. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified - Unlimited

Subject Category: 05

Availability: NASA CASI (301) 621-0390 Distribution: Standard

13. SUPPLEMENTARY NOTES
An electronic version can be found at http://techreports.larc.nasa.gov/ltrs/or http://techreports.larc.nasa.gov/cgi-bin/NTRS
Langley Technical Monitor: Lisa E. Jones

14. ABSTRACT

A lightweight energy-absorbing keel-beam concept was developed and retrofitted in a general aviation type aircraft to improve

crashworthiness performance. The energy-absorbing beam consisted of a foam-filled cellular structure with glass fiber and hybrid

glass/kevlar cell walls. Design, analysis, fabrication and testing of the keel beams prior to installation and subsequent full-scale crash testing
of the aircraft are described. Factors such as material and fabrication constraints, damage tolerance, crush stress/strain response, seat-rail

loading, and post crush integrity, which influenced the course of the design process are also presented. A theory similar to the one often used

for ductile metal box structures was employed with appropriate modifications to estimate the sustained crush loads for the beams. This,

analytical took coupled with dynamic finite element simulation using MSC.Dytran were the prime design and analysis tools. The validity of

the theory as a reliable design tool was examined against test data from static crush tests of beam sections whilethe overall performance of

the energy-absorbing subfloor was assessed through dynamic testing of 24" long subfloor assemblies.

15. SUBJECT TERMS

Crash-worthiness: Survivability; Energy-absorption; Crushing: Composite: Sandwich; Cellular; Folding

16. SECURITY CLASSIFICATION OF:

a. REPORT b. ABSTRACT c. THIS PAGE

U U U

17. LIMITATION OF
ABSTRACT

UU

18. NUMBER
OF
PAGES

25

19a. NAME OF RESPONSIBLE PERSON

STI Help Desk (email: help@sti.nasa._ov)
19b. TELEPHONE NUMBER (Include area code)

(301) 621-0390

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39 18








